Radioactive calcium flux in rabbit aorta was studied to evaluate factors regulating the movement of calcium into and out of the cell. Calcium content was estimated both from (1) the amount of
Norepinephrine (10 -6 g/ml) caused a significant increase in the calcium content calculated from radioactive calcium activity, whereas isoproterenol (1CH g/ml) caused a significant decrease in calcium content. Measurements of efflux rates, first in calcium-free solution and subsequently in 1.6 mM Ca, demonstrated that norepinephrine delays calcium efflux into calcium-free solution and delays the rapid exchange of calcium that occurs upon exposure of muscle to a calcium-containing salt solution. Isoproterenol produced no significant change in these rates. These observations are compatible with the possibilities that norepinephrine causes contraction by decreasing calcium efflux and that isoproterenol causes relaxation by decreasing calcium influx.
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• In 1883 Ringer 1 noted that isolated muscles would not contract if exposed to a medium deficient in calcium. Over 60 years later Heilbrunn and Wiercinski 2 substantiated the fact that calcium is required for contraction when, using an intracellular microinjection technique, they found that only solutions containing calcium would cause contraction. Niedergerke 3 demonstrated that the magnitude of tension was directly related to the intracellular calcium concentration.
Twenty years ago, other investigators observed that a substance capable of causing relaxation could be extracted from skeletal muscle. Marsh, 4 Bendall, 8 and Hasselbach and Weber 8 observed that this "factor" relaxed isolated myofibrils and inhibited the adenosine triphosphate (ATP)-induced syneresis of actomyosin gels. "Relaxing factor" consists of
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most part, on striated muscle, but recent evidence indicates that the amount of calcium needed to activate the actomyosin-ATPase of vascular smooth muscle is similar to the amount needed in skeletal muscle.
10 -" Furthermore, the mechanism of action of calcium in vascular smooth muscle contractile protein is similar to the mechanism of its action in skeletal muscle. 10 However, unlike skeletal muscle, vascular smooth muscle has a poorly developed sarcoplasmic reticulum and this may indicate that the mechanism by which vascular smooth muscle reduces its intracellular ionic calcium concentration is different from that in skeletal muscle. Like all other living membranes, the plasma membrane of vascular smooth muscle is selectively permeable and, therefore, could regulate the distribution of ionic calcium between the extracellular and intracellular compartments. In vascular smooth muscle, the plasma membrane may play the calcium-regulatory role of the sarcoplasmic reticulum of striated muscle. It may act in three different way$ to regulate intracellular calcium ion concentration: (1) it may serve as a calcium reservoir through its ability to trap and store this cation; (2) it serves as a barrier to maintain an enormous transmembrane concentration gradient of calcium (approximately 1:10,000, inside routside); and (3) it may contain an active pump which extrudes calcium.
It is the purpose of the current experiments to determine whether the mechanical effects Calcium content transverse strips approximately 2 mm in width, 7 mm in length, and 250 fj, in thickness. Each strip was placed between two double layers of acidwashed filter paper under a 100-g weight for five seconds. The strip was removed from the filter paper and weighed to the nearest 0.01 mg on a Cahn Electrobalance; strip weights were between 10 and 20 mg.
The physiological salt solution (PSS) used was of the following composition (HIM): NaCl, 137; KHCO 3 , 5.9; MgCl 2 -7H 2 O, 1.2; CaCl 2 , 1.6; dextrose, 11; sorbitol, 1; and CaNa 2 versenate, 0.026. All solutions were wanned to 37 C and bubbled with a gas mixture containing 99% O 2 , 1% CCs to maintain the pH at 7.4.
The Student t-test was used to determine the statistical significance of all results, with a P value equal to or less than 0.05 considered statistically significant.
The following procedure is a modification of that described by Briggs and Melvin 12 for measurement of calcium content.
Each strip was suspended f,or 2 hours in a beaker of PSS with a glass bead exerting 600 mg of force hanging from one end. After this 2-hour incubation period, each strip was "placed for 30 minutes in PSS containing 1 //,c/ml of radioactive calcium,* and then for 5 minutes in 10 ml of unlabeled PSS. As each strip was removed from its suspending wire it was blotted as described above, weighed, and digested in 0.25 ml of a glacial acetic-trichloracetic acid mixture.
An aliquot of the muscle digest or of the labeled PSS was placed in a counting vial, scintillation fluid was added, and the activity of each vial determined in a Nuclear Chicago liquid scintillation counter. The following formula was used to calculate the total calcium content: .
. . . counts /min in muscle mmole/ liter calcium in medium (mmole/kg = _ ! -_ _ _ _ x wet weight) wet weight (kg) of norepinephrine or isoproterenol could be due to a regulatory effect of these vasoactive agents either on the permeability of the plasma membrane to Ca or on the rate of extrusion of this ion.
Methods
Albino rabbits of either sex were killed by a blow to the back of the head and the thoracic aorta was removed and placed in a Petri dish containing physiological salt solution at room temperature. The fat was trimmed away and the vessel was slit open lengthwise and cut into counts/min/Iiter in medium When the effect of drugs on calcium content was to be determined, the drugst were present in both the labeled and the unlabeled salt solutions.
DETERMINATION OF RADIOACTIVE CALCIUM EFFLUX
Each strip of thoracic aorta was mounted on an L-shaped silver wire and incubated for three hours in PSS containing 25 (ic/ml of radioactive calcium. At the end of this time the strip was 'Obtained as calcium chloride in 0.5 normal HC1 from New England Nuclear Corporation.
fNorepinephrine, isoproterenol, and phentolamine were obtained from Winthrop Laboratories.
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removed from the labeled PSS, blotted gently with strips of filter paper while still on the wire frame, dipped once in each of two counting vials, and placed in the first washout vial, which contained 2.5 ml of unlabeled PSS. At five-minute intervals the strips were transferred to vials of fresh solution. After this washing had continued for two hours the strips were removed from their frames, blotted, weighed, and digested. The radioactivity of the muscle digest was determined as described in the previous section, as was the radioactivity in each washout vial.
By adding the. number of counts in the muscle at the end of washout to the number of counts in the last washout vial, then adding this sum to the number of counts in the preceding vial, and so on for each remaining vial, the number of counts in the muscle at any time could be determined. To correct for weight differences, the counts/minute (CPM) in the muscle at the end of each fiveminute washout period was divided by the wet weight of the muscle. This number, CPM in the muscle/mg wet weight, was plotted against time on semilogarithmic graph paper ( Fig. 1) .
To determine the effect of norepinephrine and isoproterenol on radioactive calcium efflux, either norepinephrine or isoproterenol was present during the two-hour washout period.
WASHOUT of RADIOACTIVE CALCIUM into CALCIUM-FREE and NORMAL CALCIUM MEDIUM

DETERMINATION OF TOTAL CALCIUM
The procedure for the determination of total calcium was similar to the procedure described by Sparrow and Johnston. 13 To a 1-ml aliquot of muscle digest, 0.01 ml of 2 M KC1 was added, and 0.02 ml of 2 M KC1 was added to 4 ml of a 1:5 dilution of labeled PSS. Total calcium was determined from aliquots of these solutions by atomic absorption spectrophotometry.
Results
EFFECT OF DRUGS ON CALCIUM CONTENT
The calcium content of control strips of rabbit aorta was 0.87 ±0.04 mmole/kg wet weight (n = 29) determined by the distribution of radioactive calcium; it was 3.58 ± 0.09 mmole/kg wet weight (n = 29) measured by atomic absorption spectrophotometry. The concentration of norepinephrine used in these studies (10" e g/ml) produced a near-maximum contraction of the aortic strips; isoproterenol in a concentration of 10~8 g/ml produced relaxation. Norepinephrine at a concentration of 10~6 g/ml caused a significant increase (+46%) in the calcium content determined by the distribution of radioactive calcium (Fig. 2) , but did not produce a significant change in the calcium content measured by atomic absorption spectropho- Effect of drugs on calcium content determined chemically (total calcium) or radioactively. Numbert at tops of columns indicate number of observations; brackets = SEM. Calcium content determined by radioactive calcium distribution is significantly increased by norepinephrine (NE, lCh 6 g/ml) and decreased by isoproterenol (lso, 10-8 g/ml). 
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Co-free tometry (n = 23). Isoproterenol at a concentration of 10~8 g/ml produced a significant decrease (-26%) in the radioactively determined calcium content, but did not significantly change the Ca content determined by spectrophotometry (n = 12). In the presence of 10" 8 g/ml isoproterenol, norepinephrine at a concentration of 10" 8 g/ml did not produce a significant increase in radioactively determined calcium content (n = 3).
The alpha blocker phentolamine, at a concentration of KH g/ml, effectively blocked the ability of norepinephrine to increase the radioactively determined calcium content (n = 3). Phentolamine alone was without effect (n = 3). Figure 1 describes the washout of radioactive calcium into calcium-free and normal calcium salt solutions. The first 45 minutes of washout were in a calcium-free medium. After 20 minutes radioactive calcium efflux approached a straight line. The slope of this line is the rate constant or fraction of calcium leaving the tissue per minute. This rate constant is designated k t and had a control value of 0.017 ±0.001 min-1 (n = 21). With washout in normal calcium salt solution there was a rapid increase in radioactive calcium efflux. The rate constant for this fast efflux of radioactive calcium is designated k s ; under control conditions its value was 0.101 ± 0.004 min-1 (n = 21). After about 20 minutes in normal calcium salt solution a third rate constant was determined, designated k { ; its control value was 0.028 ± 0.001 min" 1 (n = 21). With "C-sorbitol uptake being used as a measurement of the extracellular space, the amount of radioactive calcium present in the extracellular space was calculated. With an extracellular calcium concentration of 1.6 mM and an extracellular space equal to 538 ± 28 ml/kg wet weight, 0.86 mmole/kg, or 24%, of the total Ca was present in the extracellular space. After five minutes of washout 85% of the calcium in the extracellular space was washed out. The observation that the extracellular space is depleted early in the washout procedure implies that rate constants k 2 , k 9 , and k 4 describe the washout of radioactive calcium from compartments other than the extracellular space.
EFFECT OF DRUGS ON RADIOACTIVE CALCIUM EFFLUX
The effect of norepinephrine and isoproterenol on rate constants k 2 , k 3 , and lc, is illustrated in Figure 3 . Norepinephrine (n = 7) at a concentration of lO" 6 g/ml caused a significant reduction in rate constants k 2 (-16%) and k s (-19%); however, there was no significant change in rate constant k 4 . Isoproterenol (n = 5) at a concentration of 10" 8 g/ml produced no significant change in any of the rate constants.
Discussion
Because the sarcoplasmic reticulum of smooth muscle is inconspicuous compared with that of striated muscle, it seems probable 15 and hepatic cells 16 ; and because of the enormous concentration gradient between intracellular and extracellular calcium, it is safe to assume that there is a calcium transport system in the plasma membrane of the vascular smooth muscle cell. It seems possible that vasoactive agents may cause their effects by producing quantitative changes in the handling of Ca by the plasma membrane. Increased activator calcium, and the resultant vasoconstriction, could be produced by increasing calcium influx and/or decreasing efflux. Vasodilation, on the other hand, could be produced by decreasing influx and/or increasing efflux.
Waugh 17 suggested that epinephrine increased calcium influx, for he observed that during an epinephrine-induced contraction the response to the addition of a threshold amount of calcium chloride was potentiated. This is in agreement with the observation of Briggs and Melvin, 12 who found that radioactive calcium uptake was greater in the presence than in the absence of epinephrine. Hudgins and Weiss, 18 using rabbit aorta, observed that the addition of 10 /u.g/ml norepinephrine resulted in a decrease in the rate of calcium efflux into a calcium-free Ringer solution containing EDTA. To our knowledge no one has determined the effect of isoproterenol on radioactive calcium flux in vascular smooth muscle. The work of Schild 19 suggests that the mechanism of action of isoproterenol involves calcium, for he observed that uterine horns contracted by potassium would not relax in the presence of isoproterenol if calcium was absent from the bathing medium.
If the mechanism of action of vasoconstrictor and vasodilator drugs is an effect on the movement of calcium across the cell membrane, one might expect that a vasoconstrictor would increase the amount of calcium inside the cell, whereas a vasodilator would decrease this amount. As shown in Figure 2 , norepinephrine increases, whereas isoproterenol decreases, the total tissue calcium content as measured by the distribution of radioactive calcium. The distribution of radioactive calcium as measured here is not a true measure of calcium influx, for at the end of 30 minutes' incubation in radioactive calcium 84% of the total tissue calcium had equilibrated (n = 7). This means that there was a substantial amount of calcium efflux occurring during this loading period, making it impossible to explain changes in calcium content determined by radioactive calcium distribution solely in terms of calcium influx. Furthermore, in our study, following the 30-minute loading period in radioactive calcium the aortic strip was placed for 5 minutes in a solution of the same composition but without radioactive calcium in order to wash out radioactive calcium from the extracellular space. This washout period reduced the calcium content determined by distribution of radioactive calcium to 2A% of the total tissue calcium.
The observed increase in calcium content produced by norepinephrine, and the decrease produced by isoproterenol, could have been due to changes in influx, efflux, or both. To clarify this problem the effect of these agents on calcium efflux was determined; it is illustrated in Figure 3 . The data indicate that norepinephrine causes a decrease in radioactive calcium efflux, whereas isoproterenol is without significant effect. The existing data do not allow one to determine whether the increased calcium content produced by norepinephrine is due solely to a decrease in efflux or if there is also an increase in influx. The observation that isoproterenol decreased calcium content without changing calcium efflux suggests that it acts solely by decreasing calcium influx.
Having quantified the changes in calcium content produced by these two agents, it is reasonable to relate these changes to the 
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known calcium requirements for activation of the contractile process. How much of an increase in calcium content would be required to increase intracellular calcium concentration to a level that would produce full activation of the contractile protein? Extracellular space estimated by 14 C-sorbitol distribution was 583 ml/kg wet weight, a value which is similar to values determined by others. 20 ' 21 Total calcium concentration determined by atomic absorption spectrophotometry equaled 3.58 mmole/kg wet weight, and this also is similar to values obtained by others. 22 Total water, equal to the difference between wet and dry weights, was 700 ml/kg wet weight. Calculation of the calcium concentration in intracellular water from the above data gives a value of approximately 1.6 X 10~2 M. Since the threshold concentration of calcium needed to activate the contractile proteins is 10~7 M, 28 it is evident that the total intracellular calcium, as calculated above, cannot be in the free ionic form, for if this were the case the muscle would always be in a contracted state. Assuming that in the relaxed aortic strip only 10~7 mmole/liter of calcium is in the free ionic form, the remainder of the calcium must be bound extracellularly and/or intracellularly. Since full activation of the contractile proteins occurs at an ionic calcium concentration of 10~5 M, 23 intracellular ionic calcium would have to increase by 99 X 10~7 M. Certainly there is adequate calcium bound in the cell to supply this needed calcium.
However, since an increase in calcium content of the muscle was observed with norepinephrine treatment, we determined whether this increase would have caused maximum contraction if it represented a movement of calcium across the plasma membrane from the bathing medium. The measured increase in calcium content produced by norepinephrine would have increased the intracellular calcium concentration by 3.3 X 10~3 M. This increase in calcium concentration would have been over 100 times greater than that required to produce maximum contraction (10" 5 M). Therefore, norepinephrine either elevated the intracellular calcium concentration to a level greatly in excess of that required for maximum activation of the contractile protein, or this excess calcium was sequestered.
In summary, the data demonstrate that norepinephrine reduces the rate of calcium efflux, and they are compatible with the interpretation that this results in an increase in intracellular calcium concentration which causes contraction. Isoproterenol causes a decrease in calcium content which may be caused by a decrease in calcium influx and may be responsible for relaxation of vascular smooth muscle.
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addition to the mitochondrial fragments in arterial smooth muscle, do contain calcium ions. Our own laboratory has found that the capacity of some of the subcellular fragments to bind calcium is small, but nevertheless definite. I wonder whether you can actually measure the changes in the calcium content of those arterial segments, as the changes are very small in terms of exchange of calcium ion.
Another point with regard to the importance of calcium ion that I think your laboratory and a number of laboratories abroad, as well as our own, have shown is that the arterial smooth muscle is extremely sensitive to concentrations of ATP. This is really what makes the major difference between arterial smooth muscle and skeletal and cardiac muscle. They have the same sort of responsiveness to the calcium ion concentration, but arterial smooth muscle, like the other muscle, is extremely sensitive to ATP, causing the actomyosin to dissociate.
Finally, I should like you to consider this explanation for your experiments with the calcium ion: that as in hypertensive arteries in which the wall is thickened and hypertrophied, there is an increase of actomyosin content and the increased contractility is an effect of the increased actomyosin.
Dr. Bohr: The role of sequestered or bound calcium is certainly great. In a calcium-free medium the muscle will still respond to norepinephrine. Under these conditions calcium is not coming from outside of the cell but is coming from sequestered sites. The answer to the question, "Could we measure the change in calcium concentration that would be necessary to produce a maximum contraction?" is a dogmatic "No." A change in calcium concentration from 10~7 M to 10~5 M causes maximum contraction, but this change is too small to be measured. The amount we have measured is far in excess of that necessary to produce a maximum contraction if it all went into solution inside the cell. There is an enormously increased calcium content, but there is no way of knowing how much is sequestered and how much is free inside the cell. The excitability of these vessels from hypertensive animals is greater than that of normal vessels to numerous agonists. Contractility is much less. The maximum tension they will develop is less. I think the protracted increase in tension in the wall has not only increased the excitability but has also damaged the contractile protein so that it does not develop as much tension.
